Various inflammatory stimuli such as anaphylatoxin C5a, zymosan, and lipopolysaccharides (LPSs) have been reported both to enhance glucose output in the perfused rat liver and to induce prostanoid (ie, prostaglandin and thromboxane) release from Kupffer cells, the resident liver macrophages. Because prostanoids can enhance glucose output from hepatocytes, it was the aim of this study to compare the possible roles of prostanoids released after C5a, zymosan, and LPS in the mediation of hepatic glucose output. In perfused livers both C5a and zymosan immediately enhanced glucose output, reduced flow, and induced prostanoid overflow into the hepatic vein, but with different quantities and kinetics. Only the C5a-induced but not the zymosan-induced effects were abrogated by inhibitors of prostanoid signaling as the prostanoid synthesis inhibitor indomethacin and the thromboxane receptor antagonist daltroban. In contrast to C5a and zymosan, LPS had no effect on glucose output, flow rate, or prostanoid overflow. In isolated Kupffer cells, C5a and zymosan induced maximal release of prostaglandins D 2 and E 2 and of thromboxane A 2 within a period of 0 to 2 minutes and 5 to 15 minutes, respectively. In pulse-chase experiments, maximal prostanoid release was already observed after 2 minutes of continuous stimulation with C5a, but only after 10 to 15 minutes of continuous stimulation with zymosan. LPS-dependent prostanoid release was not seen before 1 hour. Thus, even though C5a, zymosan, and LPS induced prostanoid release from Kupffer cells, only C5a quickly regulated hepatic glucose metabolism in a prostanoid-dependent manner (due to the kinetics and quantities of prostanoids released). (Lab Invest 2003, 83:1733-1741.
T
he liver functions as an important defense organ by detoxifying drugs and micro-and macropathogens, by synthesizing and releasing pro-and anti-inflammatory mediators, and by initiating the acute-phase response. Other defense reactions are (a) an increased output of glucose, which serves as an electron donor for radical formation and as an energy substrate for enhanced metabolism during inflammation; and (b) a reduced flow rate for the easier adhesion and transmigration of leukocytes (Püschel and Jungermann, 1994 ). Short-term metabolic and hemodynamic changes were observed after infusion of complement activated serum (Muschol et al, 1991) or anaphylatoxins C3a (Püschel et al, 1993 (Püschel et al, , 1996 or C5a (Püschel et al, 1996; Schieferdecker et al, 1999) , which are generated during complement activation. It was shown that C5a did not act directly on hepatocytes (Hespeling et al, 1995; Schieferdecker et al, 1998) . This was supported by the finding that C5a receptors (CD88) were not expressed by hepatocytes but only by nonparenchymal cells, ie, by Kupffer cells (KCs), hepatic stellate cells, and sinusoidal endothelial cells in decreasing amounts (Schieferdecker et al, 1997; Schlaf et al, 1999) . The C5a-dependent glucose output and flow reduction were shown to be solely mediated by prostanoids, ie, prostaglandins and thromboxane , released from KCs (Hespeling et al, 1995) and hepatic stellate cells (Schieferdecker et al, 1998) . Whereas prostaglandins directly enhanced glucose output from hepatocytes, thromboxane A 2 indirectly induced metabolic effects via flow reduction .
Zymosan, an extract of yeast membranes, and lipopolysaccharides (LPSs), components of the outer cellular membrane of Gram-negative bacteria, have been reported to (a) mediate glucose output either from hepatocytes or from the liver (Casteleijn et al, 1987; Dieter et al, 1987b) and (b) induce prostanoid output from KCs (Birmelin and Decker, 1984; Dieter et al, 1989; Grewe et al, 1992; Püschel et al, 1993) . Nevertheless, it was not yet shown whether zymosan or LPS, like C5a, prostanoid-dependently increased glucose output or reduced flow in the liver.
It was the aim of this study to investigate the possible roles of prostanoids released from KCs after stimulation with zymosan and LPS in comparison with C5a in the regulation of short-term glucose output and flow reduction in the perfused rat liver.
Results

Enhanced Glucose Output and Reduced Flow Rate in the Isolated Perfused Rat Liver after Stimulation with rrC5a or Zymosan but not LPS
Infusion of 100 nM rrC5a for 30 seconds in the in situ perfused liver immediately enhanced glucose output with a maximum after 3 minutes and reduced flow with a maximum after 2 minutes. Both effects regained baseline levels within 6 minutes ( Fig. 1) , as shown previously (Püschel et al, 1996; Schieferdecker et al, 1999) . These effects were paralleled by an overflow of prostaglandin D 2 (PGD 2 ) (Fig. 1) , as well as prostaglandin E 2 (PGE 2 ) and thromboxane A 2 (TXA 2 ) (not shown) into the hepatic vein. This overflow represents the difference between prostanoid release from nonparenchymal cells and prostanoid binding or degradation by hepatocytes.
Infusion of 0.5 mg/ml zymosan for 30 seconds enhanced glucose output and reduced flow as did rrC5a, but with maxima at 2 minutes and 3 minutes, respectively. Thus, in contrast to rrC5a, the metabolic effect preceded the hemodynamic effect (Fig. 1) . Also in contrast to rrC5a, glucose levels did not regain baseline levels, and the strongly reduced flow rate levels persisted over a period of more than 15 minutes (not shown). Like the effects of rrC5a, the metabolic and hemodynamic actions of zymosan were also accompanied by an enhanced PGD 2 overflow. However, peak levels of PGD 2 overflow after zymosan were more than 10-fold lower than after rrC5a ( Fig. 1 ; note the different scalations). Also the total PGD 2 overflow within 10 minutes was almost 10-fold lower after zymosan than after rrC5a (Fig. 2) .
In contrast to rrC5a or zymosan, 100 ng/ml LPS infused for 30 seconds failed to influence glucose output and flow rate (Fig. 1 ). Neither stimulation with higher LPS concentrations (up to 10 g/ml), nor longer infusion periods (up to 5 minutes) had any metabolic or hemodynamic effects (not shown). Also, no enhancement in PGD 2 overflow was observed after LPS stimulation (Fig. 1) .
Inhibition of rrC5a-but not Zymosan-Induced Glucose Output and Flow Reduction by the Prostanoid Synthesis Inhibitor Indomethacin and the TXA 2 -Receptor Antagonist Daltroban
The prostanoid synthesis inhibitor indomethacin completely blocked rrC5a-induced PGD 2 overflow, while glucose output and flow reduction were reduced to about 40% (Fig. 2) as described previously . In the additional presence of the TXA 2 -receptor antagonist daltroban, both the metabolic and the hemodynamic effects were blocked totally ( Fig. 2) . Also zymosan-induced PGD 2 overflow was almost completely inhibited in the presence of indomethacin (Fig.  2) . However, in contrast to the rrC5a-induced effects, zymosan-induced glucose output and flow reduction were neither influenced by indomethacin alone nor by the combination of indomethacin and daltroban. This clearly shows that prostanoids were not involved in the mediation of the zymosan-induced metabolic and hemodynamic effects.
Different Kinetics of Prostanoid Release from Cultured
KCs after Stimulation with rrC5a, Zymosan, and LPS PGD 2 , PGE 2 , and TXA 2 release from KCs strongly differed after stimulation with rrC5a, zymosan, and Glucose output, flow rate, and prostaglandin D 2 (PGD 2 ) overflow in the perfused rat liver after stimulation with rrC5a, zymosan, or lipopolysaccharide (LPS). Isolated rat livers were perfused in a nonrecirculating manner. After 30 minutes preperfusion, rrC5a, zymosan, or LPS were infused for 30 seconds (gray bars) to final concentrations of 100 nM (1 g/ml), 0.5 mg/ml, or 100 ng/ml, respectively. Glucose concentrations in the fractionated effluate were determined in a standard assay with glucose dehydrogenase and PGD 2 by radioimmunoassay. Note the different scalations of the y axes used for the demonstration of PGD 2 overflow after zymosan and LPS compared with rrC5a. Values are means Ϯ SEM of three to five independent experiments. LPS, respectively (Fig. 3 ). RrC5a as well as zymosan enhanced the release of PGD 2 , PGE 2 , and TXA 2 within the first 10 minutes. At this time point, the maximum of rrC5a-dependent prostanoid release was already reached, whereas zymosan further enhanced prostanoid output within 1 hour to about 10-fold higher levels Glucose output, flow rate, and prostaglandin D 2 (PGD 2 ) overflow in the perfused rat liver after stimulation with rrC5a and zymosan in the absence or presence of the prostanoid synthesis inhibitor indomethacin and the thromboxane receptor antagonist daltroban. Rat livers were perfused and stimulated with 100 nM (1 g/ml) rrC5a or 0.5 mg/ml zymosan as described in Figure 1 . Where indicated, indomethacin and/or daltroban (final concentration 20 M in 0.1% dimethyl sulfoxide each) were added to the perfusion medium at 10 minutes prior to stimulation. Note the different scalations on the y axes. Values were calculated as areas under the curves and are means Ϯ SEM of one to five independent experiments (numbers in parentheses). *p Ͻ 0.05, **p Ͻ 0.01 ϭ significant differences compared with rrC5a-or zymosan-stimulated controls (Student's t test for unpaired samples). n.d. ϭ not detectable.
Figure 3.
Release of prostaglandin (PG)D 2 , PGE 2 , and thromboxane (TX)A 2 from cultured Kupffer cells after stimulation with rrC5a, zymosan, or lipopolysaccharide (LPS). Kupffer cells, cultured for 3 days, were transferred to HBSS and after 10 minutes preincubation were stimulated with 100 nM (1 g/ml) rrC5a, 0.5 mg/ml zymosan, or 100 ng/ml LPS. At the indicated time points, aliquots of the supernatants were shock-frozen and prostanoid release was determined later either by radioimmunoassay (PGD 2 ) or by ELISA (PGE 2 and TXB 2 , the stable decomposition product of TXA 2 [See "Materials and Methods"]). Note the different scalations on the y axes. Values are shown as increases compared with unstimulated controls and are means Ϯ SEM of three to five independent experiments. *p Ͻ 0.05, **p Ͻ 0.01 ϭ significant differences compared with unstimulated controls (Student's t test for unpaired samples). than those induced by rrC5a. The used rrC5a concentration of 100 nM, a concentration that was reached in in vitro experiments in human peripheral blood after complete activation of the complement system (Schulze and Götze, 1986) , had previously been shown to increase prostanoid output from KCs maximally (Hespeling et al, 1995) . Thus, the higher prostanoid output after zymosan was not due to the use of a submaximal rrC5a concentration.
Prostanoids in Hepatic Glucose
In contrast to rrC5a and zymosan, LPS at a concentration of 100 ng/ml, ie, a concentration that is at the upper limit of LPS levels reached under severe pathophysiologic conditions (Brandtzaeg et al, 1989) , failed to increase the release of PGD 2 , PGE 2 , and TXA 2 after 10 minutes. LPS slightly enhanced PGD 2 and PGE 2 output after only 1 hour and strongly increased PGD 2 , PGE 2 , and TXA 2 output to levels similar to those induced by rrC5a at 5 hours after treatment.
Dependence of Zymosan-but not rrC5a-Induced Prostanoid Release from Cultured KCs on the Duration of Stimulation
The experiments with perfused livers and isolated KCs brought up an obvious discrepancy: in perfused livers lower prostanoid release was observed after zymosan compared with rrC5a, whereas in isolated KCs much higher prostanoid levels were reached after zymosan compared with rrC5a. It was thus investigated whether this was due to the different stimulation periods (30 seconds in the perfusion experiments and continuous stimulation in the cell culture experiments). Therefore, cultured KCs were stimulated with rrC5a or zymosan for different time periods. After continuous stimulation with rrC5a and zymosan, maximal prostanoid release was observed within a period of 0 to 2 minutes and 5 to 15 minutes, respectively (Fig. 4A ). In experiments with discontinuous stimulation, incubation of KCs with rrC5a for only 2 minutes was sufficient to enhance PGD 2 and PGE 2 release maximally: Within the first 2 minutes, prostanoid release nearly reached maximal levels, and PGD 2 and PGE 2 concentrations increased only slightly within the following period of up to 30 minutes (Fig. 4B , left panel). Stimulation with rrC5a for 10 minutes did not lead to higher prostanoid levels within 30 minutes compared with stimulation for only 2 minutes. In strong contrast to rrC5a, stimulation of KCs with zymosan for 2 minutes resulted in only low prostanoid release after these 2 minutes, which only slightly increased within the following 30 minutes (Fig. 4B, right panel) . Increasing the stimulation periods to 5, 10, and 15 minutes, respectively, further increased prostanoid output observed directly after the stimulation periods (5, 10, or 15 minutes), as well as after the entire period of 30 minutes. Only after a stimulation period of 15 minutes did zymosan induce maximal prostaglandin levels as shown by the finding that stimulation for 30 minutes did not further increase prostaglandin output.
Expression of Putative Receptors for C5a and Zymosan on KCs but not on Hepatocytes of Rat Liver
Our data suggest that neither C5a nor zymosan directly induced glucose output from hepatocytes. This might be due to a lack of expression of the respective receptors on these cells. Indeed, C5a receptors (CD88) had been shown not to be expressed by hepatocytes, whereas they were strongly expressed by KCs (Schieferdecker et al, 1997; Schlaf et al, 1999) . It was now shown additionally that the mRNA for the C5a/C5adesarg receptor C5L2 was only very weakly expressed by hepatocytes but was strongly expressed by KCs (Fig. 5) . The receptors recently discussed to be mainly involved in zymosan signaling are dectin-1 alone or in association with toll-like receptor (TLR)2 and/or TLR4 (See "Discussion" section). Using mouse dectin-1 primers, no signals were obtained for rat KCs and hepatocytes (data not shown). However, in cells from mouse liver, dectin-1 mRNA again was found to be only very weakly expressed by hepatocytes but was strongly expressed by KCs (Fig. 5 ). This suggests that the failing detection of dectin-1-specific mRNA in rat KCs might be due to a failing crossreactivity of the mouse primers with the so far unpublished rat sequence. An expression pattern similar to dectin-1 was also observed for the TLR molecules in that TLR4 mRNA and TLR2 mRNA were expressed only by KCs but not by hepatocytes (Fig. 5) . Release of prostaglandin (PG)D 2 and PGE 2 from cultured Kupffer cells (KCs) after stimulation with rrC5a or zymosan for different periods of time. KCs were cultured for 3 days with 0.5 Ci [1-
14 C]arachidonic acid added during the last 20 hours before the start of the experiments for labeling of phospholipids. KCs were then stimulated with 100 nM (1 g/ml) rrC5a or 0.5 mg/ml zymosan. (A) Continuous stimulation. KCs were stimulated for 30 minutes with rrC5a or zymosan. At the indicated time points, supernatants were shock-frozen, and PGD 2 and PGE 2 release was determined by thin layer chromatography. For calculation, PG concentrations after 30 minutes stimulation with rrC5a or zymosan were set equal to 100%. (B) Discontinuous stimulation. The medium was changed from stimulus-containing medium for the pulse period to stimulus-free medium for the chase period 2, 5, 10, and 15 minutes after the start of stimulation. PG concentrations were determined once after the pulse and in addition 30 minutes after the initial stimulation (chase). For calculation, PG concentrations at 30 minutes were set equal to 100%; they represent the sum of pulse and chase. Values are means Ϯ SEM of three independent experiments. *p Ͻ 0.05, **p Ͻ 0.01 ϭ significant differences compared with PG concentrations at 0 minutes (Student's t test for unpaired samples).
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Discussion
Independence of Zymosan-Induced Short-Term Glucose Output and Flow Reduction from Prostanoids in the Perfused Liver
In perfused rat livers, short-term stimulation with zymosan for 30 seconds strongly enhanced glucose output and reduced flow as did C5a (Fig. 1) . In contrast to C5a, the effects of zymosan were neither influenced by the prostanoid synthesis inhibitor indomethacin alone nor by the combination of indomethacin with the TXA 2 -receptor antagonist daltroban (Fig.  2) . These results indicate that prostanoids were not involved in the mediation of the immediate metabolic and hemodynamic effects observed after short-term stimulation with zymosan. Because zymosan had previously been reported to strongly enhance prostanoid release from KCs (Birmelin and Decker, 1984; Püschel et al, 1993) , the low levels of prostanoid overflow in perfused livers after zymosan as compared with C5a (Fig. 3) , as well as the independence of zymosaninduced glucose output of prostanoids, might be due to differences in the kinetics of prostanoid release after zymosan and C5a, respectively. Indeed, zymosan increased prostanoid output from KCs as did C5a, but zymosan-induced in contrast to C5a-induced prostanoid release was strongly dependent on the duration of stimulation. Whereas 2-minute stimulation of KCs with C5a was sufficient to induce maximal prostanoid release, 2-minute stimulation of KCs with zymosan resulted in only slightly enhanced prostanoid levels after 2 minutes, as well as after 30 minutes (Fig.  4) . Under these conditions prostanoid levels induced by zymosan were 2% to 3% of those observed after C5a. Maximal prostanoid output was induced only after a 15-minute stimulation period (Fig. 4) .
At first sight in contrast to the present study, it had previously been reported that zymosan-induced glucose output in the perfused rat liver might be in part prostanoid dependent (Dieter et al, 1987a) . In that study glucose output after infusion of zymosan for 5 minutes was strongly inhibited by the leukotriene synthesis inhibitor nordihydroguaiaretic acid and was further reduced in the additional presence of indo-
Figure 5.
Detection of mRNA for the putative C5a and zymosan receptors C5L2, dectin-1, toll-like receptor (TLR)4 and TLR2 in Kupffer cells (KCs) but not hepatocytes by reverse transcription PCR. To isolate RNA, 48-hour-cultured KCs and hepatocytes (HCs) were scraped off the tissue culture dishes. After reverse transcription with oligo(dT) as primers, cytokine cDNA was detected by PCR with specific primers as indicated in Table 1 . PCR products were visualized after electrophoresis in agarose gels by ethidium bromide staining. are not yet known, the mouse sequences were used for primer selection. In both cases, primer pairs were selected from a part of the sequence, which shows high homology with the human sequence. In addition, primers for C5L2 were chosen from a part of the sequence, which shows virtually no homology to the C5a receptor (CD88) sequence. methacin. However, together with the results presented here, these data most probably indicate that leukotrienes are responsible for glucose output induced within the first 30 seconds after zymosan stimulation, while prostanoids might further enhance zymosan-induced glucose output at later time points. This prostanoid-dependent part of zymosan-induced glucose output was not seen in our studies and was most likely due to the shorter stimulation periods used (30 seconds versus 5 minutes). This hypothesis is supported by another study demonstrating different mechanisms of zymosan-induced glucose output by (a) the soluble fraction of zymosan, which quickly stimulates glucose output with a nordihydroguaiaretic acid-inhibitable and thus leukotriene-dependent mechanism; and (b) the pellet fraction of zymosan, which enhances glucose release more slowly in an indomethacin-inhibitable and thus prostanoiddependent manner (Kimura et al, 1992) . The observed differences in kinetics and maxima of glucose output and flow reduction after C5a and zymosan ( Fig. 1) further emphasize the mediation of short-term metabolic and hemodynamic effects of C5a and zymosan via prostanoids and leukotrienes, respectively.
Prostanoids in Hepatic Glucose
Failure of LPS to Induce Short-Term Glucose Output and Flow Reduction in the Perfused Liver
Infusion of LPS (100 ng/ml) for 30 seconds did not influence glucose output nor flow rates in perfused rat livers (Fig. 1) . In agreement with these observations, LPS failed to induce prostanoid release from KCs within minutes but did so only after hours (Fig. 3) as described previously (Peters et al, 1990) . In contrast to the present study, an earlier investigation had demonstrated immediately enhanced, prostanoid-dependent glucose output from rat liver after infusion of 100 g/ml LPS for 5 minutes (Casteleijn et al, 1987) . The observed discrepancy could not be due to the different stimulation periods used (30 seconds versus 5 minutes), because in our study the infusion of 100 ng/ml LPS for 5 minutes also failed to enhance glucose output and to reduce flow rates (not shown). Therefore, these differences may be ascribed more likely to the different concentrations used (100 ng/ml and 100 g/ml, respectively). The LPS concentration of 100 ng/ml used in our study is at the upper limit of LPS levels reached under severe pathophysiologic conditions such as meningococcal sepsis (Brandtzaeg et al, 1989) . At higher concentrations LPS has been reported to exert effector functions on target cells independent of the "normal" CD14/TLR4-dependent mechanism (Alexander and Rietschel, 2001) , eg, by intercalation into cellular membranes (Schromm et al, 1996) . However, at the very high LPS levels of 100 g/ml, unspecific mechanisms (eg, the activation of residual complement factors) might also be effective. Thus, in contrast to the conclusions drawn from the previous study (Casteleijn et al, 1987) , our data clearly demonstrate that LPSs at (patho)-physiologically relevant concentrations do not play a role in the short-term enhancement of glucose output during inflammation.
Involvement of Putative C5a and Zymosan Receptors in the Intercellular Signaling from KCs to Hepatocytes
Previous investigations (Dieter et al, 1987b; Kimura et al, 1992; Püschel et al, 1996; Schieferdecker et al, 1999 ) and the present study have shown that neither C5a nor zymosan directly induced glucose output from hepatocytes. These substances elicited effector functions of hepatocytes only indirectly by means of intercellular communication (Hespeling et al, 1995; Mäck et al, 2001; Püschel et al, 1996; Schieferdecker et al, 1999) . In agreement with these observations, putative receptors for C5a and zymosan were predominantly or even exclusively expressed by KCs but not or only scarcely by hepatocytes (Fig. 5) .
It had been shown previously that the C5a receptor CD88 was expressed by KCs but not by hepatocytes (Schieferdecker et al, 1997; Schlaf et al, 1999) . Also the mRNA for the C5a/C5adesarg receptor C5L2 (Cain and Monk, 2002; Ohno et al, 2000) was predominantly expressed by KCs (Fig. 5) , whereas hepatocytes expressed C5L2 mRNA only very weakly (Fig. 5) . However, this faint mRNA expression in hepatocytes obviously did not lead to the expression of functional C5L2 protein, because under normal conditions hepatocytes did not respond to C5a (Hespeling et al, 1995; Mäck et al, 2001; Schlaf et al, 1999) nor to C5adesarg (unpublished observations).
In isolated KCs C5adesarg, like C5a (Fig. 3) , induced a strong prostanoid release (own unpublished observations). This effect of C5adesarg presumably was mediated by C5L2, which at least on the mRNA level was strongly expressed in KCs and had a 10-fold higher affinity for C5adesarg than CD88 (Cain and Monk, 2002) . Whether the effect of C5a on prostanoid release from KCs (Fig. 3) and thus on prostanoidmediated glucose output from hepatocytes ( Fig. 1) was mediated via the C5a receptor CD88 or via C5L2 cannot be decided from the present results. In transfected rat basophilic leukemia cells, C5L2 coupled to a pertussis-toxin-sensitive pathway (Cain and Monk, 2002) , whereas CD88 was shown to couple to both pertussis-toxin-insensitive Galpha16- (Amatruda et al, 1993; Buhl et al, 1993 ) and pertussis-toxin-sensitive Gi proteins (Siciliano et al, 1990) . Because the G protein coupling of the C5a receptor CD88 in rat KCs has not been elucidated so far, the inhibition of C5a-induced prostanoid release from KCs by pertussis toxin (own unpublished observations) could be interpreted as C5a signaling via C5L2 and coupling of CD88 in KCs to a pertussis-toxin-sensitive Gi protein. Data that support the involvement of CD88 rather than C5L2 in the mediation of C5a effects in rat KCs denotes a strong Ca 2ϩ influx in KCs and rat basophilic leukemia cells transfected with the C5a receptor CD88 in response to C5a (Schlaf et al, 1999) , which was not observed in rat basophilic leukemia cells transfected with C5L2 (Cain and Monk, 2002) . To clearly identify the receptor or receptors involved in the mediation of C5a effects in KCs, inhibitory antibodies against the rat C5a receptor CD88 or rat C5L2 should be employed. However, these antibodies are not available so far.
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Comparable to the receptors for C5a, the receptors most probably involved in the mediation of zymosan effects were predominantly expressed by KCs but not by hepatocytes (Fig. 5) . Zymosan consists of different polysaccharides, mainly ␤-glucan and ␣-mannan, and of very low amounts of protein and fat. The most actual reports claim dectin-1 (a ␤-glucan receptor) alone or in cooperation with TLR2 and TLR4 as relevant zymosan-signaling molecules (Brown et al, 2003; Gantner et al, 2003) . All three receptors were expressed by KCs. Of course, the present study could not clarify whether the investigated receptors are functionally relevant for zymosan signaling in KCs or whether any other of the numerous discussed receptors, such as the peptidoglycan recognition protein (Liu et al, 2001) , are (additionally) involved. However, because all of the investigated C5a or zymosan receptors were predominantly or even exclusively expressed by KCs but not by hepatocytes, the mRNA expression data support our functional data, showing no direct stimulation of hepatocytes by the proinflammatory substances but only by means of intercellular communication.
Zymosan or C5a reaching the liver via blood would first induce the release of soluble mediators such as prostanoids and cytokines from KCs. These cells, albeit located within the sinusoids, have protrusions that reach through the fenestrated endothelial layer into the space of Disse. As a consequence KCs can release soluble mediators directly into the space of Disse where they accumulate and exert their effector functions on the neighboring hepatocytes. By this intercellular signaling cascade, hepatocytes become an indirect target for the proinflammatory substances C5a and zymosan.
Our data have shown that due to the different kinetics and quantities of prostanoid release from KCs, C5a, zymosan, or LPS play different roles in the regulation of glucose output and flow reduction, which are important liver-specific defense reactions.
Materials and Methods
Animals
Male Wistar-Unilever rats (Winkelmann, Borchen, Germany) weighing 150 to 200 g for perfusion experiments and 300 to 350 g for isolation of KCs were kept on a 12-hour day/night rhythm (light from 7:00 am to 7:00 pm) with free access to water and a standard rat diet (Ssniff, Soest, Germany) for at least 2 weeks before the experiment. Treatment of the animals followed the German law on the protection of animals.
Chemicals
Pronase was obtained from Merck (Darmstadt, Germany), and collagenase H and DNase were obtained from Roche (Mannheim, Germany). Nycodenz was purchased from Life Technologies (Eggenstein, Germany), RPMI 1640 from Biochrom (Berlin, Germany), newborn calf serum from PAA Laboratories (Coelbe, Germany), and tissue culture dishes from Nunc (Wiesbaden, Germany). Zymosan A from Saccharomyces cerevisiae, LPS (Escherichia coli, O26:B6), and the TXA 2 analog U46619 were delivered by SigmaAldrich (Deisenhofen, Germany) (Smith, 1989) were from R&D Systems (Wiesbaden-Nordenstadt, Germany). Silica gel plates (F1500, acid resistant) were obtained from Schleicher & Schuell (Dassel, Germany) . All other chemicals were of analytical grade and from commercial sources. ethyl] benzene-acetic acid) was kindly provided by Roche. Recombinant rat C5a (rrC5a) was prepared as described previously .
Perfusion of Isolated Rat Livers
Liver perfusion experiments were started between 9:00 and 11:00 am. Livers were perfused in situ via the portal vein in a nonrecirculating manner, with an erythrocyte-free Krebs-Henseleit bicarbonate buffer containing 5 mM glucose, 2 mM lactate, and 0.2 mM pyruvate, equilibrated with O 2 to CO 2 (19:1) at 37°C with constant hydrostatic pressure. The flow rate was adjusted to about 4 ml/min/g liver. After 30 minutes preperfusion, livers were stimulated with 100 nM (1 g/ml) rrC5a, 0.5 mg/ml zymosan, or 100 ng/ml LPS, respectively, for 30 seconds up to 5 minutes as indicated. To investigate the involvement of prostanoids, the prostanoid synthesis inhibitor indomethacin and the TXA 2 -receptor antagonist daltroban were dissolved in the perfusion medium to final concentrations of 20 M in 0.1% dimethyl sulfoxide each. Flow rates were determined once per minute, and aliquots of the perfusate were taken for the quantitation of glucose and prostanoid concentrations.
Isolation and Culture of KCs
KCs were isolated by combined pronase/collagenase liver perfusion and purified by density gradient centrifugation through 16.7% Nycodenz and subsequent counterflow elutriation using a Beckmann J-21 centrifuge with a Beckmann JE-6 elutriation rotor (Beckman-Coulter, Munich, Germany) (Brouwer et al, 1984) . KCs (4 ϫ 10 6 per dish) were plated on 35-mm culture dishes in RPMI 1640 supplemented with 30% newborn calf serum and 1% penicillin-streptomycin. KCs were cultured for 72 hours in the same medium, with daily medium changes. They were then determined to be Ͼ 99% pure by phagocytosis of fluorescent latex beads (Shaw et al, 1984 ) (fluoresbrite, diameter 1 m; Polysciences, Eppelheim, Germany) and intracellular staining of added diaminobenzidine (Sigma-Aldrich) by endogenous peroxidases (Widman et al, 1972) .
Isolation and Culture of Hepatocytes
Hepatocytes were prepared according to Meredith (1988) collagenase as described previously (Schieferdecker et al, 1997) . Cells were plated at 0.5 ϫ 106 cells/dish on 3.5-cm-diameter tissue culture dishes in M199 supplemented with 0.5 nmol/L insulin, 100 nmol/L dexamethasone, 1% penicillin-streptomycin, and additional 4% newborn calf serum during the first 4 hours. Medium was changed after 4 hours and 24 hours, and RNA was isolated after 48 hours. Purity of hepatocytes as judged by their typical light microscopic appearance was Ͼ 98%.
Cell Culture Experiments
For experiments lasting up to 1 hour, KCs were washed with and incubated in HBSS supplemented with 20 mM HEPES, pH 7.4; for longer lasting experiments, cells were kept in RPMI 1640 with 1% penicillin-streptomycin, pH 7.4. Cells were preincubated for 10 minutes at 37°C and then stimulated with rrC5a, zymosan, or LPS added to final concentrations of 100 nM (1 g/ml), 0.5 mg/ml, or 100 ng/ml, respectively. Aliquots of cell culture supernatants were taken at the indicated time points and were immediately shock-frozen in liquid nitrogen. They were stored at Ϫ20°C until determination of prostanoid concentrations.
Biochemical Determinations
Glucose concentrations were determined with a commercial enzyme test kit using glucose dehydrogenase (Granutest, Merck). DNA content per dish as a marker of the number of KCs per dish was determined by intercalation of bis-benzimide (Sigma-Aldrich), followed by fluorometric quantitation (Labarca and Paigen, 1980) . Prostanoid concentrations in the cell culture supernatants and perfusion media were quantified without further purification by commercial radioimmunoassays (PGD 2 ) or ELISAs (PGE 2 and TXB 2 ; See "Chemicals" section) or by thin layer chromatography as described previously (Pestel et al, 2002) . For thin layer chromatography, phospholipids as prostanoid precursors were prelabeled by addition of 0.5 Ci [1-14 C]arachidonic acid to KC cultures 20 hours prior to the experiments. Labeled prostanoids were extracted from the cell culture supernatants with ethylacetate and were then separated on silica plates with the organic phase of ethylacetate:water:isooctane:acetate (110:100:50:20) (Hamberg and Samuelsson, 1966) . The radioactivity of the synthesized [1-
14 C]-labeled prostanoids was determined with a phosphorimager (Storm 860, Molecular Dynamics, Krefeld, Germany) and quantified with Image Quant (Molecular Dynamics) using diluted standards of [1-14 C]arachidonic acid.
Reverse Transcription PCR (RT-PCR)
Total RNA from cultured KCs and hepatocytes was isolated by the RNeasy Kit provided by Qiagen (Hilden, Germany) and was purified from genomic DNA using the RNase-free DNase set (Qiagen). The isolated RNA was preincubated for 5 minutes at 70°C with 500 ng Oligo-d(T) 12-18 and transcribed into cDNA with RevertAid M-MuLV Reverse Transcriptase (MBI Fermentas, St. Leon-Rot, Germany). The cDNA thus generated was amplified in a 50-l reaction mix containing 1.5 mM MgCl2, 0.6 M of forward and reverse oligonucleotide primers (Table 1) , 0.2 mM dNTPs, and 0.5 U of thermostable TaqDNA polymerase (MBI Fermentas). For PCR, master mixes were prepared before adding the respective cDNAs. The cDNA was denatured for 3 minutes at 94°C and then subjected to 35 cycles of 1 minute at 94°C, 1 minute at 58°C (TLR4), 56°C (␤-actin, C5L2, and dectin-1), or 52°C (TLR2), and 2 minutes at 72°C, with a final elongation step of 10 minutes at 72°C. After amplification, PCR products were separated on 2% agarose gels and visualized by ethidium bromide staining.
